Thermoplastic films based on 3 wt.% jackfruit seed starch were prepared using 5 to 30 wt.% glycerol as plasticizer via solution casting method. The aim of this study is to investigate the effect of glycerol on the mechanical properties of films. According to the analysis, the optimum tensile strength of the film was obtained at 4.40 MPa, which revealed that the native starch granules were converted into a continuous phase in the presence of glycerol as indicated by scanning electron microscopy. The incorporation of glycerol in starch also showed the formation of hydrogen bond evidenced by Fourier transform infrared spectroscopy.
Introduction
Starch, a natural renewable polysaccharide from numerous diversities of plants, as a raw material to produce biodegradable and eco-friendly plastics has been a topic of interest in many researches. This is driven by the global environmental concern resulted from petroleum-derived plastics, which continue to be prevalent over time [1] . Previously, many researchers concentrated on starches from different sources, such as corn, tapioca, potato, and wheat. So far, there have been very few works reported on starch from non-conventional sources such as jackfruit seed. Hence, in this study, jackfruit seed (Artocarpus heterophyllus) is utilized as a source of starch to develop starch-based films. Jackfruit is one of the most popular tropical fruits that grows abundantly in Asia. In Malaysia, jackfruit seeds are usually thrown away as waste even though the seeds are a potential source of nutrition [2] .
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Moreover, jackfruit seeds have a high starch content; seeds content in a jackfruit are about 100 to 500 or approximately 8 to 15% by weight of a jackfruit [3] . However, this type of starch is classified as a native starch, or in other words, it is not in thermoplastic form.
Starch-based thermoplastic films have a variety of industrial uses, such as for food packaging, compost bags, and coatings [4] . Plasticizer such as polyol should be added to starch since it is natural, inexpensive, and renewable so that the final product is both biodegradable and cost-effective [5] . The incorporation of jackfruit seed starch with glycerol as plasticizer will overcome the native starch drawbacks such as brittleness and high moisture sensitivity and at the same time will enhance the product flexibility and workability, in developing a potential and ecological alternative to the synthetic products [6] . For this reason, it is expected that the modification of jackfruit seed starch with the addition of glycerol as plasticizer will result in high tensile strength and elongation at break of the film due to the reduction of intermolecular forces and an increase in polymer chain mobility as reported elsewhere [7] . However, the optimum amount of glycerol in the jackfruit seed starch has not been reported as yet. Therefore, the aim of this study is to develop glycerol-plasticized jackfruit seed starch (GTPS) film via solution casting method and to evaluate the effect of glycerol content on the mechanical and physical properties of jackfruit seed starch film.
Materials and Methods Materials
Jackfruit seeds were obtained from Tropical Fruit Farm, Penang, and glycerol (85% purity) was purchased from Merck Sdn. Bhd. (Selangor, Malaysia).
Preparation of jackfruit seed powder
Jackfruit seeds were cleaned, peeled, and sliced into thin pieces. Then, the seeds were dried in the oven for 24 hours. The dried seeds were grounded with an electronic kitchen blender for 20 minutes followed by milling (Fritsch, Planetary Ball Mill) at a ratio of 1 g powder:5 balls for about 1 hour to obtain micro-meter scale size of seeds. Finally, the powder was sieved using 100 µm mesh, packed and sealed in a plastic bag, then stored in a refrigerator (<5 ℃) until further use.
Extraction of starch from jackfruit seed
The extraction of jackfruit seed starch (JFSS) was carried out as per the method mentioned by Noor et al. [3] with a slight modification. About 100 ml distilled water was poured into 5 g of jackfruit seed powder and stirred constantly for 6 to 8 hours at room temperature. The slurry produced was then filtered using 212 mesh sieve and the remaining residues were washed three times with distilled water. Finally, the filtrate wet starches were precipitated overnight at 4 ℃ and dried in the oven at 40 ℃ for 24 hours. The dry starches obtained were filled in a plastic bag and kept at room temperature until further use.
Preparation of thermoplastic starch film with glycerol
The fabrication of TPS incorporation with glycerol was carried out via solution casting as proposed by Seligra et al. [8] and Reddy and Yang [9] with a minor modification. Total mass of the system is 100 g where starch content was fixed at 3 wt.% and the amount of glycerol varied from 5 to 30 wt.%. The materials' abbreviations and corresponding sample compositions are listed in Table 1 . The starch and distilled water were mixed and heated up to 90 ℃ on a hot plate and held for 20 minutes with a constant stirring speed at 250 rpm. Then, the solution was cooled to 65 ℃ and glycerol was added to the mixture while stirring continuously for 5 minutes. The film forming solution was casted on acrylic plates and dried for 24 hours in the oven. Later, the thermoplastic film was peeled from the plates and stored in the desiccator maintained at 23 ℃ and 30% relative humidity prior to characterization. 
X-ray diffraction test
The diffraction pattern of the JFSS powder was analysed with an X-ray diffractometer (Shimadzu; XRD-6000). The scanning region of the diffraction angle (2θ) was set from 5 to 40° at a rate of 3°/min of scan speed and the diffractometer was operated at a power of 40 kV and 20 mA.
Mechanical test
The mechanical properties of the starch films were determined in accordance with ASTM standard D882-02 by using MTS tensile tester (Shimadzu; Material Testing System) with 20 mm/min of speed and 5 kN of load. The test was carried out on five samples that were cut manually into strips with a dimension of 70 mm x 10 mm from the cast films based on the standard ISO-527.
Scanning electron microscopy
The surface structure of JFSS powder and TPS films were examined using a scanning electron microscope (JEOL, JSM 5600 SEM; JEOL Ltd., Tokyo, Japan). The samples were sputter coated with carbon (Polaron SC515) and observed under SEM at a voltage of 8 kV.
Fourier transform infrared spectroscopy analysis
The infrared (IR) spectra of the JFSS powder and GTPS2 film was recorded on FTIR spectrometer (Spectrum 100 FTIR; PerkinElmer, United States). Measurements were taken in the average of 32 scans per sample between 4000 cm -1 to 600 cm -1 with a resolution of 4 cm -1
.
Results and Discussion X-ray diffraction analysis
The XRD pattern obtained with the JFSS granules is shown in Figure 1 . The broad diffraction peaks can be related to the amorphous characteristic of starch. The appearances of peaks of 2θ at 15.37°, 22.97°, and 23.57° indicating the presence of type-A starch in jackfruit seed since there is no peak in the range of 5°-6°. In fact, jackfruit seed contains a high amount of starch and the amylose content is about 32% as reported by Theivasanthi and Alagar [10] . 
Mechanical properties
The addition of glycerol greatly affects the tensile strength (TS) and elongation at break (E%) of TPS films. Figure  2 and Figure 3 show the effect of increasing the glycerol content of TPS films on tensile properties. Figure 2 . Effect of increasing glycerol content on the tensile properties of starch films Figure 3 . Effect of increasing the glycerol content on stress-strain curve of starch films Starch film with less than 5% glycerol was ignored due to brittleness. Starch film with the addition of 5% glycerol showed a tensile strength of 4.12 MPa. The addition of 10% glycerol increased the TS of GTPS1 by 7%, indicating that there is enough plasticizing effect. However, the addition of 15% of glycerol to GTPS2 reduced the TS by almost 70% due to the plasticizing effect that is too prominent. On the other hand, the E% of the films increased gradually by adding more concentration of glycerol into the starch. The results showed that with the increase in glycerol content from 5% to 30% in the blend, the E% increased to a large extent: 3.47%-18.88%. In short, increasing glycerol concentration more than 10% on the JFSS will produce films that are more extendible as well as less rigid and stiff. This is depicted in Figure 2 , which show a decrease of TS and an increase of the E% of the films, respectively. These trends are probably due to the reduction in interactions between the starch chains, which caused the expansion of distance between starch molecules to allow the plasticizers to be embedded between them, thus forming a hydrogen bond between the glycerol and starch molecules.
Stress (MPA)
Furthermore, the tensile failure stress-strain curves in Figure 3 shows a more ductile character of the films with the increase in glycerol concentration. This was shown by the decrease of the film TS and an increase in flexibility as the glycerol concentration increased from 10% to 30%. GTPS2 indicated high stress coupled with low strain, thus, were considered brittle. Increasing the concentration of glycerol improved the ductility of GTPS4 and GTPS6 films, which is revealed by their significant deformation before fracture. Sanyang et al. [6] also reported a similar trend based on the results obtained from using glycerol in sugar palm starch films. In fact, 10% glycerol delivered the highest TS of 4.40 MPa to the JFSS films, which can be associated with its homogeneous surface structure revealed by SEM and the formation of hydrogen bond evidenced by FTIR.
Morphological structure
The morphology of jackfruit seed starch granules and glycerol-plasticized starch films (magnification of 500x) were presented in Figure 4 . Figure 4(a) shows that the starch granules have varied round shape with a smooth surface. As a result of the plasticization of jackfruit seed starch with 5% and 10% glycerol, less coarse granules were observed in Figure 4 (b) -4(c), probably due to the starch granule fusing into homogeneous phase. It is revealed that the surface of starch with 10% glycerol is clear and smooth without gross defects. This indicates that the starch molecules were well dispersed as not many granules were exposed to low glycerol content. Reddy and Yang [9] also found a similar morphology in glycerol-plasticized corn starch films. Increasing the glycerol content to more than 10% resulted in a rougher surface and the phase separation between glycerol and starch in blend films were clearly observed in Figure 4 (d) -4(g). The fact that the blend with 10% glycerol was very strong and has lower elongation compared to the blend with 30% glycerol may account for the appearance of such voids and cracks. It should be noted that the surface structure of thermoplastics is corroborated with the mechanical properties finding as discussed previously. 
FTIR analysis
The FTIR spectra of the jackfruit seed starch granules and 10% glycerol-plasticized starch films are shown in Figure  5 (a) and 5(b). The analysis of FTIR spectra of the 10% glycerol-plasticized film enabled the hydrogen bond interaction to be recognized compared to the native JFSS powder. For GTPS2, the characteristic peaks that were attributed to C-O bond stretching of C-O-H group were found to be shifted from 1076.73 cm -1 to 1076.36 cm -1 and 1149.55 cm -1 to 1149.72 cm -1 . This indicates that the O-H group of starch was encompassed in the hydrogen bond formation. Another peak, that was related to C-O bond stretching of C-O-C group at 1000 cm -1 became more prominent and presented a displacement to 1019.85 cm -1 , could be regarded as the structure changes of JFSS from an amorphous to semi-crystalline state [11] . In sum, the appearance of characteristic peaks proved that glycerol could form hydrogen bond interaction with starch molecules. It is also believed that the formation of hydrogen bond in thermoplastic contributed to the improvement of mechanical properties as discussed earlier.
Conclusion
The difference in the amount of glycerol incorporated with jackfruit seed starch has been shown to have a substantial effect on the physical and mechanical properties of casted films. The increase in the glycerol content of more than 10% in jackfruit seed starch films improved its flexibility but reduced the strength. Starch film plasticized with 10% glycerol achieved the highest strength, 4.40 MPa, and formed stable hydrogen bond interactions with the starch molecules. In addition, TPS produced from the native JFSS has homogeneous structure.
